Background: A proposed etiology of biliary atresia (BA) entails a virus-induced, progressive immune-mediated injury of the biliary system. Intravenous Ig (IVIg) has demonstrated clinical benefit in several inflammatory diseases. The aim of this study was to determine the therapeutic effects of high-dose IgG treatment in the rhesus rotavirus (RRV)-induced mouse model of BA. Methods: Newborn mice were infected with RRV, and jaundiced mice were given high-dose IgG or albumin control. Survival, histology, direct bilirubin, liver immune cell subsets, and cytokine production were analyzed. results: There was no difference in overall survival between RRV-infected groups, however high-dose IgG resulted in decreased bilirubin, bile duct inflammation, and increased extrahepatic bile duct patency. High-dose IgG decreased vascular cell adhesion molecule-1, resulting in limited migration of immune cells to portal tracts. High-dose IgG significantly decreased CD4 + T cell production of interleukin (IL)-2, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α and CD8 + T cell production of IFN-γ, as well as increased levels of regulatory T cells. conclusion: High-dose IgG therapy in murine BA dramatically decreased Th1 cell-mediated inflammation and biliary obstruction. This study lends support for consideration of IVIg clinical trials in infants with BA, to diminish the progressive intrahepatic bile duct injury.
B
iliary atresia (BA) is a progressive, inflammatory disease of the bile ducts resulting in neonatal cholestasis and characterized by fibrosis and obliteration of the extrahepatic and intrahepatic bile ducts (1) . Despite surgical intervention with the Kasai portoenterostomy, the intrahepatic bile duct injury progresses, leading to biliary cirrhosis in the majority of children. The 10-y survival with the native liver ranges from ~20-50% (2) , and BA remains the leading indication for pediatric liver transplantation (3) . The etiology of BA is unclear and multiple theories include developmental defects, virus infections, and immune dysregulation (4) . A leading hypothesis is that a perinatal cholangiopathic virus infection initiates a chronic inflammatory response targeting bile duct epithelia, resulting in bile duct injury and fibrosis (5, 6) .
An established mouse model of BA has been instrumental in elucidating the mechanisms of this aberrant immune response. Newborn mice infected with rhesus rotavirus (RRV) develop progressive inflammation and obstruction of the extrahepatic bile duct that recapitulates the early inflammatory damage seen in BA patients (7, 8) . The inflammatory response is characterized by a Th1 cytokine milieu (9) with a subset of T cells showing autoreactivity to bile duct epithelial proteins (10, 11) . In addition, increased levels of α-enolase autoantibodies, common in other autoimmune hepatic and biliary diseases (12) , have been detected in BA (13) . The autoimmune responses may persist due to recently described deficits in regulatory T cells (Tregs) in both mouse and human BA (14) (15) (16) .
We sought to determine if the inflammatory bile duct injury in the BA mice could be mitigated with high-dose polyclonal IgG treatment. In humans, intravenous Ig (IVIg) has been used to treat primary immunodeficiencies, and clinical benefit has been demonstrated in several autoimmune and inflammatory diseases (17) (18) (19) . In mouse models of human disease such as immune thrombocytopenia (20) , myasthenia gravis (21) , viral myocarditis, (22) and experimental multiple sclerosis (23) , human polyclonal IgG has been shown to have therapeutic benefit. Numerous mechanisms for the anti-inflammatory action of IVIg have been proposed, including interfering with the cytokine network, neutralizing autoantibodies, modulating the effector functions of T and B cells, and enhancing Tregs (17, 20, 24) . These mechanisms are not solitary and likely act synergistically.
The objectives of this study were to determine if high-dose IgG therapy in the mouse model of BA diminishes bile duct injury and to determine the possible mechanisms by which high-dose IgG modulates the hepatic immune response. Evaluating the potential therapeutic benefit of IgG is of clinical RRV-infected mice were observed for jaundice and acholic stools in the first week of life. In week 1, ~15% of mice died prior to day 7, 70% became jaundice, and 15% were healthy. All jaundiced mice were treated with intraperitoneal injections of high-dose IgG (RRV-IgG, n = 56), albumin control (RRV-alb, n = 47), or neither (BA-RRV, n = 50) on day 7 of life and every 2-3 d thereafter for six doses. Treatment administration was initiated on day 7 of life in mice that were deemed sick (jaundiced), as this was most clinically relevant to the human disease. There was no significant difference in overall survival and all mice expired by day of life 21 (Kaplan-Meier analysis, P > 0.05) (Figure 1a) . In similar fashion, the RRV-infected mice had diminished growth in weight, that did not improve in the IgG-treated mice (Figure 1b) . To determine if viral clearance was affected by high-dose IgG therapy, infectious virus plaque assays were performed. A similar pattern of viral clearance was observed between RRV-alb and RRV-IgG groups, suggesting that the degree of virus infectivity did not play a role in survival outcomes (Supplementary Figure S1 online).
High-Dose IgG Therapy Ameliorated Bile Duct Injury and Obstruction
Serum direct bilirubin levels were used as a marker of bile duct injury and obstruction (Figure 2a) . Whereas Hank's balanced salt solution (BSS) control mice had virtually undetectable levels of direct bilirubin at day of life 14, BA-RRV and RRV-albumin groups had markedly elevated levels of direct bilirubin, indicating significant bile duct injury (mg/dl: BSS 0.19 ± 0.1; BA-RRV 11.02 ± 0.9; RRV-alb 9.78 ± 1.0; P < 0.0001). In contrast, RRV-IgG mice had significantly lower levels of serum direct bilirubin (4.75 ± 0.73 mg/dl) compared to both BA-RRV and RRV-alb groups (P = 0.0002).
Liver and extrahepatic bile duct histology was examined at 14 d of life to visualize the extent of bile duct inflammation and obstruction (Figure 2b) . Portal tracts from BA-RRV and RRValb groups showed considerable portal tract inflammatory infiltration surrounding the intrahepatic bile ducts compared to minimal periductal immune cells in the BSS control or RRV-IgG groups. The extrahepatic bile duct histology showed a similar profile, with the BA-RRV and RRV-albumin groups demonstrating marked inflammation and luminal obstruction, compared to minimal inflammation and lack of bile duct occlusion in 100% of BSS and 70% of RRV-IgG mice.
High-Dose IgG Therapy Decreased T Cell and Macrophage Portal Tract Infiltration by Means of VCAM-1 Inhibition
To better quantify differences in the immunophenotype of liver immune cells in each group, flow cytometry was utilized. Liver immune cells were identified based on CD45 (hematopoietic) cell surface expression. At 10 d of life, the total liver immune cell profile (CD4 + T cells, CD8 + T cells, CD11b + macrophages) in all RRV-infected groups was similar, and all immune cell subsets were increased compared to the BSS control group (Figure 3a,b) . The most significant increases were found in the macrophage population (%CD11b , P = 0.0015). There were no significant differences in surface markers for B cells and NK cells among any of the groups (data not shown). These data suggested that the IgG therapy did not change the overall relative abundance of the immune cell subsets within the entire liver.
In order to address the question of localization of the inflammatory cells within the liver, fluorescent immunohistochemistry was employed. Clusters of CD4 + and CD8 + T cells and CD11b + macrophages were expanded within the portal tracts of BA-RRV and RRV-alb mice but not in BSS controls or RRV-IgG mice. (Figure 3c ) The lack of inflammation in the portal tracts correlated with the markedly diminished periductal inflammation identified by hematoxylin and eosin histology (Figure 2b) . In order to investigate the mechanism associated with the lack of portal tract inflammation in the RRV-IgG mice, chemokine and adhesion molecules essential for trafficking of immune cells to sites of injury were analyzed in the liver. There was no significant decrease in chemokine levels of expression in RRV-IgG mice compared to other RRV groups (Supplementary Figure S2a online ). Adhesion molecule analysis revealed significantly increased levels of vascular cell adhesion molecule 1 (VCAM-1) after RRV infection. VCAM-1 expression was significantly decreased in RRV-IgG mice compared to BA-RRV (P = 0.02) and RRV-albumin groups (P = 0.001) (Figure 4a) . Importantly, immunohistochemistry studies of VCAM-1 protein expression within the liver demonstrated substantially diminished VCAM-1 within the portal tracts of RRV-infected mice that received high-dose IgG therapy (Figure 4b ). VCAM-1 is known to be expressed on endothelium and promotes the adhesion of lymphocytes and monocytes, mediating both cell migration and activation (25) . High-dose IgG therapy diminished VCAM-1 expression within portal tracts of RRV-infected mice, thereby inhibiting infiltration of activated immune cells.
High-Dose IgG Therapy Resulted in Significantly Decreased Production of Inflammatory Cytokines From CD4 + T Cells
High-dose IgG is known to inhibit proinflammatory Th1 cytokine production (26, 27) . Therefore, we next addressed the question of potential changes in effector cell cytokine production in RRV-IgG mice. Intracellular cytokine production from liver immune cells of 10-d-old mice included analysis of interleukin (IL)-2, IL-17, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α after phorbol 12-myristate 13-acetate (PMA)/ionomycin stimulation (Figures 5 and  6 ). Compared to BSS controls, BA-RRV mice had marked 
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Articles increases in CD4 + T cells producing IL-2 (BSS 0.25 ± 0.003%; BA-RRV 2.95 ± 0.52%, P = 0.002), TNF-α (BSS 0.20 ± 0.05%; BA-RRV 29.30 ± 5.18%, P < 0.0001), and IFN-γ (BSS 0.17 ± 0.05%; BA-RRV: 20.93 ± 3.38%, P < 0.0001) and in CD8 + T cells producing IFN-γ (BSS 0.25 ± 0.002%; BA-RRV 30.16 ± 4.99%, P = 0.0003). TNF-α production by CD11b + macrophages was also significantly increased in BA-RRV mice compared to BSS (BSS 0.39 ± 0.06%; BA-RRV 5.59 ± 1.05%, P = 0.002). Immune cells from RRV-alb mice generated similar proinflammatory cytokine levels as the BA-RRV mice. In stark contrast, RRV-IgG mice had significantly reduced CD4
+ T cell production of IL-2 (RRV-alb 4.21 ± 1.00%; RRV-IgG 1.27 ± 0.23%, P = 0.0036), IFN-γ (RRV-alb 31.65 ± 1.69%; RRV-IgG 15.33 ± 1.75%, P = 0.0015) and TNF-α (RRV-alb 27.10 ± 3.13%; RRV-IgG 9.26 ± 0.62%, P = 0.007) and in CD8 + T cells producing IFN-γ (RRV-alb 31.15 ± 6.51%; RRV-IgG 14.73 ± 2.44%, P = 0.029). There was no effect of high-dose IgG on CD4 + T cell IL-17 production (RRV-alb 0.2 ± 0.13%; RRV-IgG 0.3 ± 0.16%, P > 0.05).
High-Dose IgG Therapy Was Associated With Liver Treg Expansion
We next sought to determine whether the mechanism by which IgG reduced bile duct inflammation and cytokine + Tregs within the CD4 + T cell subset was observed in 10-d-old BA-RRV mice compared to BSS control mice (BSS 9.38 ± 0.49%; BA-RRV 5.75 ± 0.52%, P = 0.0003). Importantly, the RRV-IgG mice had significantly increased CD4 + CD25 + FoxP3 + Tregs compared to the RRV-albumin group (RRV-alb 7.51 ± 0.03%; RRV-IgG 10.25 ± 0.75%, P = 0.0035) and were comparable to the BSS control mice. (Figure 7a,b) Thus, IgG therapy was associated with a significant expansion of Tregs in RRV-infected BA mice, restoring Treg numbers back to that of BSS controls.
DISCUSSION
Novel therapeutic approaches targeted to suppress the inflammatory response are warranted to delay or avoid the need for liver transplantation in BA. To this end, this study demonstrated the proof of principle that high-dose IgG could reduce intrahepatic and extrahepatic bile duct inflammation and injury in the RRV-induced mouse model of BA. This effect is associated with concomitant expansion of liver Tregs and attenuation of VCAM-1 expression, portal tract inflammation, and CD4 + Th1 cytokine production (Figure 8 ). 
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Articles One limitation to this study is that despite inhibition of inflammation and biliary obstruction, survival was not significantly improved with high-dose IgG. The lack of increased survival in the RRV-IgG mice was not due to persistent virus infection, as the RRV-IgG mice cleared virus as effectively as other RRV-infected controls. It is likely that RRV-infected mice were already too ill at the time of initial IgG treatment to have any mortality benefit from high-dose IgG therapy. This study as well as previous reports have shown that RRV-infected BA mice weigh less than BSS controls, reflecting decreased oral intake, malabsorption, and probable neglect by the mother (9, 10) . This deficit in growth was not reversed by IgG therapy and most likely contributed to mortality. Another possibility is that the RRV-IgG mice had the equivalent of serum sickness, from the combination of circulating human IgG and anti-RRV antibodies. However, the control group of BSS mice that received IgG had 100% survival, confirming that administration of human IgG (without infection) was not harmful. Human IgG was employed instead of mouse IgG, because human IgG has been previously shown to have high affinity for the neonatal Fc receptor in mice (28, 29) . Furthermore, the majority of previous studies examining the effect of IgG in mouse models of human disease have employed human IgG preparations (20) (21) (22) (23) . Despite the finding that high-dose IgG did not change survival, the marked inhibition of bile duct inflammation and obstruction suggests that IgG therapy could have a potential benefit in BA infants who undergo the Kasai procedure.
One mechanism by which high-dose IgG may reduce portal tract inflammation is through inhibition of VCAM-1. Through its interaction with the very-late activation 4 ligand expressed on monocytes and T and B lymphocytes, VCAM-1 promotes adhesion and transendothelial migration of inflammatory cells into injured tissue (30) . Increased VCAM-1 expression in several inflammatory liver processes has been reported, particularly in those characterized by periportal inflammation (31, 32) . Kobayashi et al. (33) . previously identified increased expression of VCAM-1 on bile ducts, endothelial cells, and hepatocytes from human patients with severe BA compared to healthy controls and patients with less severe BA. In the mouse model of BA, high-dose IgG inhibited VCAM-1 expression, thereby reducing trafficking of lymphocytes and monocytes into the portal tracts. VCAM-1 expression by endothelial cells is stimulated by inflammatory cytokines, namely TNF-α, and inhibition of VCAM-1 by high-dose IgG may be related to its concurrent inhibitory effects on inflammatory cytokine production (30, 34) .
This study demonstrated an overproduction of the proinflammatory cytokines IL-2, IFN-γ, and TNF-α by hepatic CD4 + T cells and IFN-γ by CD8 + T cells from RRV-infected mice that was dampened by high-dose IgG therapy. IFN-γ-producing T cells have been implicated in the pathology of several inflammatory autoimmune diseases (35) . In the mouse model of BA, Shivakumar et al. (10) demonstrated the essential role of IFN-γ in bile duct injury, as IFN-γ knockout mice infected with RRV had resolution of biliary obstruction and improved survival. In the current study, high-dose IgG therapy was associated with significant reduction in IFN-γ and protection from biliary injury. This is in accordance with previous studies on inflammatory and autoimmune diseases that have shown that highdose IgG therapy reduces levels of IFN-γ, TNF-α, and other inflammatory cytokines (22, 36) . IFN-γ has many downstream effects, including activation of macrophages with subsequent release of cytotoxic molecules. This study showed that the diminished levels of IFN-γ in the RRV-IgG group correlated with decreased portal tract macrophage infiltrates and TNF-α-producing macrophages, suggesting a synergistic mechanism of protection from bile duct injury. It has been hypothesized that the reduction of cytokine production by IgG therapy may be due to antibodies contained in polyclonal IgG that inactivate these cytokines (37, 38) , by direct antibody neutralization of antigens (39) or through the enhancement of the inhibitory action of Tregs (40) .
Tregs are important in suppressing the T cell-mediated immune response to pathogens, inhibiting overly aggressive immune activation and preventing activation of autoreactive T cells. Other studies have shown that the beneficial effects of high-dose IgG were linked to expansion of Treg populations. In murine experimental autoimmune encephalomyelitis, a model of multiple sclerosis, Ephrem et al. (40) observed that prophylactic dosing of high-dose IgG therapy prevented experimental autoimmune encephalomyelitis in mice and was associated with increased Treg numbers and suppressive capacity. The expansion of liver Tregs identified in our study offers a unifying mechanism as to how high-dose IgG 
